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Spatial variability of surface energy and water fluxes at local scales is strongly 
controlled by soil and micrometeorological conditions. Thus, the accurate estimation of 
these fluxes from space at high spatial resolution has the potential to improve prediction 
of the impact of land-use changes on the local environment. In this study, Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Large-Scale 
Biosphere-Atmosphere Experiment in Amazonia (LBA) data were used to examine the 
partitioning of surface energy and water fluxes over different land cover types in one 
wet year (2004) and one drought year (2005) in eastern Rondonia state, Brazil. The 
spatial variation of albedo, net radiation (Rn), soil (G) and sensible (H) heat fluxes, 
evapotranspiration (ET), and evaporative fraction (EF) were primarily related to the 
lower presence of forest (primary (PF) or secondary (SF)) in the western side of the Ji-
Parana river in comparison with the eastern side, located within the Jaru Biological 
Reserve protected area. Water limitation in this part of Amazonia tends to affect 
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anthropic (pasture (PA) and agriculture (AG)) ecosystems more than the natural land 
covers (PF and SF). We found statistically significant differences on the surface fluxes 
prior to and ~1-year after the deforestation. Rn over forested areas is ~10% greater in 
comparison with PA and AG. Deforestation and consequent transition to PA or AG 
increased the total energy (~200-400%) used to heat the soil subsurface and raise air 
temperatures. These differences in energy partitioning contributed to approximately 
three times higher ET over forested areas in comparison with non-forested areas. The 
conversion of PF to AG is likely to have a higher impact in the local climate in this part 
of Amazonia when compared to the change to PA and SF, respectively. These results 
illustrate the importance of conserving secondary forest areas in Amazonia. 
 





 The Amazon region concentrates the largest rainforest in the world, acting as a 
major source of heat and water vapor for the global atmosphere (Gash et al., 2004; 
Davidson et al., 2012; Aragao et al., 2014). Previous studies have shown that 
deforestation in the Amazon can lead to changes in surface net radiation (Rn), resulting 
in higher or lower availability of energy for the evapotranspiration (ET) processes 
(Malhi et al., 2002; Stark et al., 2016). However, in order to better understand the 
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impacts caused by land cover changes it is necessary to obtain detailed information on 
the partitioning of surface fluxes. From this information, it is possible to analyze the 
ecohydrological mechanisms of different ecosystems and their biological responses to 
the processes of water cycling (Scott et al., 2003; Christoffersen et al., 2014). Here, we 
highlight that alterations on flux partitioning over the Amazon can influence the 
atmospheric circulation and precipitation (PPT) in the tropics (Swann et al., 2012; 
Zanchi et al., 2015). 
 For more than 20 years, field experiments have been developed for acquiring 
micrometeorological data in Amazonia (Malhi et al., 2002; Zeri et al., 2014). These data 
have been used primarily as input in global and regional models, providing valuable 
information to develop the knowledge about the Amazon in the fields of climate 
physics, ecohydrology and biogeochemistry (Gonçalves et al., 2013; Broedel et al., 
2017). However, two issues regarding these data should be noted: (1) measurements 
obtained by such experiments are usually local and representative of small areas, and (2) 
most of the field sites are located over primary forest areas and therefore not 
representative of the current spatial variation of land cover in the region (de Oliveira et 
al., 2017). An example of this spatial heterogeneity is the state of Rondonia, located in 
the Brazilian Amazon, now dominated by larger deforested patches. Beginning in 1970, 
Rondonia had been the site of a series of government settlement programs. For this 
reason, it is possible to observe extensive patches of different land cover types as 
pasture, annual crops, secondary succession forest, among others (Pedlowski et al., 
1997; Frohn and Hao, 2006). Several micrometeorological and numerical modeling 
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studies have been conducted using Rondonia as a case study (von Randow et al., 2004; 
Hasler and Avissar, 2007; Butt et al., 2011; Khanna et al., 2017). 
 The relevance of physical phenomena related to energy and water exchanges 
between the surface and atmosphere under climate change leads to the need for studies 
at more refined spatial scales (Bonan, 2008; El-Masri et al., 2013). This would facilitate 
representation of the spatial heterogeneity in global and regional models. As mentioned 
before, most of the observational studies in the Amazon region have been performed 
over primary forest areas. One way to extend such analyses to the diverse ecosystems of 
the Amazon is the use of surface energy balance models combining 
micrometeorological measurements and remote sensing data. Surface energy balance 
models differ according to the input data, assumptions and accuracy of the results 
(Ruhoff et al., 2013). However, a common aspect among the algorithms are the satellite 
input data, once all algorithms require information regarding the visible, near infrared 
and thermal infrared spectral regions (Li et al., 2009; Yang et al., 2012; French et al., 
2015). The primary estimates from such models are related to albedo, Rn, soil heat flux 
(G), sensible heat flux (H), ET, and evaporative fraction (EF) (Gowda et al., 2008; 
Bhattarai et al., 2012). 
 Studies using this approach have been developed in the Amazon region, but 
most of them make use of satellite data with medium and low spatial resolution  (30 m 
to 1 km) (Santos et al., 2011; de Oliveira and Moraes, 2013; de Oliveira et al., 2016; 
Khand et al., 2017; Numata et al., 2017; de Oliveira et al., 2017). The main requirement 
for surface energy balance modeling is the ability to distinguish land cover types that 
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have different mass and heat transfer characteristics and resolve spatial variability of the 
considered processes within a land-class type (French et al., 2005). Spatial variability of 
surface energy and water fluxes at local scales is strongly controlled by soil and 
micrometeorological conditions. Thus, the accurate estimation of these fluxes from 
space at high spatial resolution has the potential to improve prediction of the impact of 
land-use changes on the local environment. The Advanced Spaceborne Thermal 
Emission and Reflection Radiometer (ASTER), launched in 1999 onboard the NASA’s 
Terra satellite, was developed to establish a spaceborne capability for high spatial (15 
m), multispectral visible, near infrared and thermal infrared remote sensing data 
mapping of the Earth’s environment (Fujisada et al., 2005; Abrams et al., 2015). 
Previously, only select images over the USA and its Territories were publicly available. 
In 2016, the Land Processes Distributed Active Archive Center (LPDAAC) began 
distributing ASTER data over the entire globe. The unlimited public access of this type 
of data provides a unique opportunity to estimate surface biophysical and hydrological 
variables over the globe with high spatial resolution. 
 Based on the considerations above, this study aims to investigate the partitioning 
of surface energy and water fluxes over different land cover types in one wet year 
(2004) and one drought year (2005) in the eastern flank of Rondonia combining ASTER 
images and flux tower observations from the Large-Scale Biosphere-Atmosphere 
Experiment in Amazonia (LBA). More specifically, we aim to (1) analyze albedo, Rn, 
G, H, ET, and EF for different land cover types, and (2) assess the effects of local land-
cover changes on the surface fluxes. 




2. Materials and methods 
 
2.1 Study area and flux tower site 
 
 The study area is located in the eastern flank of the state of Rondonia, Brazil, 
southwestern Amazonia (Figure 1). The study area covers 887.1 km2, ranging in 
elevation between 100 and 150 m above sea level. The predominant climate is 
equatorial, warm and moist, with annual rainfall and air temperature varying between 
1400 to 2400 mm and 22°C to 27°C, respectively. The southern hemisphere summer 
(December to February) is the rainiest period in the region with monthly totals over 200 
mm. During the dry season (June to August), it is common to observe several weeks 
without rain (von Randow et al., 2004). 
 Soils in the region are classified primarily as medium textured red-yellow 
podzols (Alvala et al., 2002). The main natural vegetation type in the study area is the 
dense tropical forest. However, it has been logged and substantially perturbed in the 
past few decades. We note that part of the study area is inside of the Jaru Biological 
Reserve (JBR), which is administrated by the Brazilian Environmental Protection 
Agency (IBAMA). As can be seen in Figure 1, the JBR is located along the eastern 
flank of the Ji-Parana river. 
 The eddy flux tower data used in this study (hereafter referred to as JBR flux 
tower) is part of the LBA project and is located inside the JBR over an undisturbed 
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tropical forest. The canopy has a mean height of 35 m, with some of the taller trees 
reaching up to 45 m (Andreae et al., 2002). The JBR flux tower is 64 m tall and is 
located 120 m above sea level at the geographic coordinates 10.19°S and 61.87°W (de 




2.2 Surface data 
 
 The data collected at the JBR flux tower for 2004-2005 were acquired from the 
LBA Rondonia Regional Office (Ji-Parana, RO, Brazil, http://lba2.inpa.gov.br/). Flux 
tower measurements were used as input and validation data in the Surface Energy 
Balance Algorithm for Land (SEBAL) model (Bastiaanssen et al., 1998a,b). We utilized 
the following variables: PPT (mm), air temperature (Tair) (ºC), wind speed (Ws) (m s-1), 
incoming (K↓) and outgoing (K↑) shortwave radiation (W m-2), Rn (W m-2), H (W m-2), 
and latent heat flux (LE) (W m-2). LE was converted to ET (mm) by dividing it by the 
latent heat of vaporization (λ=2.45x106 J kg-1). The surface albedo was calculated as the 
ratio of the outgoing to the incoming shortwave radiation. 
 The LBA flux data have been processed according to a common protocol and are 
aggregated to a half-hourly time step (von Randow et al., 2004; Restrepo-Coupe et al., 
2013). The quality control in the data followed a methodology that is applied to all LBA 
datasets and can be found in Gonçalves et al. (2013) and Restrepo-Coupe et al. (2013). 
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Gaps in the measurements were filled using the marginal distribution sampling (MDS) 
method as described in Reichstein et al. (2005). For comparison with instantaneous 
satellite overpass measurements (~10:30 a.m. local time), we used flux tower data 
corresponding to 11:00 a.m., consisting of the average values made between 10:30 a.m. 
and 11:00 a.m. local time in Rondonia state (GMT-4). 
 
2.3 ASTER data 
 
 Remote sensing data used in this study were derived from the ASTER sensor 
aboard the Terra satellite, launched in December 1999 (Yamaguchi et al., 1998). The 
ASTER sensor has a sun-synchronous near-polar orbit and the daytime repeat visit 
interval is 16 days at the equator. ASTER operates in the visible through thermal 
infrared portions of the electromagnetic spectrum (Abrams et al., 2015). Detailed 
information about the ASTER instrument characteristics can be obtained in Table 1. 
 The ASTER data were obtained from the NASA Earth Observing System Data 
and Information System (EOSDIS) (Sioux Falls, SD, USA, https://earthdata.nasa.gov/). 
We used the following version 3 products: AST07XT and AST08. AST07XT provides 
surface reflectance for bands 1-9 and AST08 gives land surface temperature (LST). We 
used the data acquired on 16 June 2004 and 5 July 2005 at 10:32:11 a.m. and 10:31:44 
a.m. local time, respectively. It is important to note here that the scenes used in the 
study were the only ones free of cloud cover and which had all ASTER detectors 
working properly throughout the full record of ASTER data acquisition (~18 years) in 
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the study area. The SWIR and TIR bands were spatially resampled to 15 m using the 
nearest neighborhood method (Parker et al., 1983; Lu and Weng, 2006; Hais and 
Kucera, 2009). The VNIR images were used to co-register the SWIR and TIR images 
by identifying similar elements in the images. 20 control points were utilized, and a root 
mean square error of 0.05 was obtained. We chose to upscale the TIR and SWIR data to 
15 m in order to have more homogeneous plots for the land cover change analysis 






 Land cover data from the TerraClass project (Belem, PA, Brazil, 
http://www.inpe.br/cra/ingles/project_research/terraclass.php) were used in order to 
analyze the dynamics of the surface energy and water fluxes over different ecosystems 
in the study area. Begginning in 2004, the TerraClass project has developed five 
detailed land cover maps for the Brazilian Amazon (2004, 2008, 2010, 2012, and 2014) 
(Almeida et al., 2016). The TerraClass maps are made using Thematic Mapper 
(TM)/Landsat 5 images with spatial resolution of 30 m. The classification accuracy 
assessment is based on the visual identification of classes using High Resolution 
Geometric (HRG)/SPOT-5 images at 2.5 m, which are overlapped and compared to the 
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maps produced by TerraClass. More information about the validation can be obtained in 
Almeida et al. (2016). 
 To obtain land cover information for the two ASTER scenes (6/16/2004 and 
7/5/2005) we used the 2004 TerraClass map resampled to 15 m resolution to match the 
ASTER data. We superposed it over the ASTER scenes and visually classified seven 
classes (primary tropical forest (PF), secondary succession forest (SF), pasture (PA), 
agriculture (AG), other uses (OU), and waterbodies (WB)). A land cover change map 
was generated from the difference between the two dates. It was then possible to obtain 
all the areas covered by PF on 6/16/2004 that were logged at some point after this date 
and represented PA, AG or SF on 7/5/2005.  
To assess the temporal variations of the surface energy and water fluxes over the 
main terrestrial ecosystems in the study area we selected 24 plots of 12 pixels (15 m), 
totaling 288 pixels, or ~0.065 km2, for each class (PF, SF, PA, and AG). To examine the 
effects of land cover changes we selected: 16 plots of 8 pixels (15 m) for the 
conversions from PF to PA and PF to SF (totaling 128 pixels, or ~0.029 km2), and 6 
plots of 8 pixels (15 m) for the conversion from PF to AG (totaling 48 pixels, or ~0.01 
km2). A paired samples t-test analysis was used in order to compare variation among the 
biophysical variables. In this analysis, a t-value was generated and statistical 
significance for the differences between and within groups was established at the 
probability level of 0.01. 
 
2.5 Estimation of surface energy and water fluxes 




SEBAL (Bastiaanssen et al., 1998a) was developed to estimate the energy 
available and the energy fluxes at the surface using daily satellite data and minimal field 
measurements. Input variables are related to Tair and Ws during the satellite overpass. 
SEBAL has been improved since its conception, including new parametrizations for 
albedo (Liang, 2001) and G (Bastiaanssen, 2000). 
LE is computed as a residual term from the energy balance equation at the time 
of the satellite overpass: 
 
LE Rn G H= − −                                                                                                  
(1) 
 
where Rn is net radiation (W m-2), G is the soil heat flux (W m-2) and H is the sensible 
heat flux (W m-2). 
Rn is calculated using surface reflectance and surface temperature from the 
satellite. Rn is the result of the energy budget between shortwave and longwave 
radiation at the surface described as: 
 
( ) ( )s sRn 1 K L L 1 L= −α ↓ + ↓ − ↑ − − ε ↓                                                           (2) 
 
where K↓ is incoming shortwave radiation (W m-2), which in SEBAL is estimated using 
extraterrestrial radiation estimated from astronomical parameters. αs is surface albedo, 
This article is protected by copyright. All rights reserved.
14 
 
L↓ is incoming longwave radiation (W m-2), which is estimated using the Stefan-
Boltzmann equation and near-surface air temperature as well as atmospheric emissivity. 
L↑ is outgoing longwave radiation (W m-2), which is also calculated with the Stefan-
Boltzmann equation using remotely sensed surface temperature and surface emissivity 
(εs). 
G was modeled as a function of Rn and surface properties expressed by 
normalized difference vegetation index (NDVI), LST and αs: 
 
( )( )2 4s s
s
LSTG 0.0038 0.0074 1 0.98NDVI Rn
 
= α + α − α 
                                   
(3) 
 
H is calculated by the bulk aerodynamic resistance equation, which uses 








=                                                                                                           (4) 
 
where ρ is air density (kg m-3), Cp is the specific heat of dry air (1004 J kg-1 K-1), dT is 
the air temperature difference (K) between two heights (typically 0.1 m and 2 m), and 
rah is the aerodynamic resistance (s m-1) to heat transfer from the land surface to the 
height of wind speed measurement. 
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The temperature difference (dT) is estimated at two anchor-pixels, assuming that 
dT between those pixels is a linear function expressed by: 
 
dT b aLST= +                                                                                                       
(5) 
 
where a and b are empirically determined constants. 
The determination of a and b involves identifying hot and cold pixels, where it is 
assumed that the available surface energy is majorly partitioned to H and LE 
respectively. These pixels are usually selected over bare soil and waterbodies 
respectively. Once the hot and cold anchor-pixels have been identified, Equation 1 is 
solved for each pixel in an iterative process that is performed until the rah term in 
Equation 4 reaches stability. 














                                                                                       
(7) 




where Rn24h is the daily net radiation and λ corresponds to the latent heat of water 
vaporization. We note that in this study the analyzes are focused on the instantaneous 
estimates for albedo, Rn, G, H, EF (~10:30 a.m.), and daily estimates for ET. 
 SEBAL has been applied and validated in different regions (Paiva et al., 2011; 
Bhattarai et al., 2012; Tang et al., 2013; Yang et al., 2015). The model is sensitive to 
land cover, allowing analysis in agricultural areas, deserts, prairies, and forests (Senay 
et al., 2007; Schuurmans et al., 2011). Regarding the accuracy of the estimates, studies 
indicate relative errors ranging between ~5-17% (Bastiaanssen et al., 1998b; 
Hemakumara et al., 2003; Kimura et al., 2007; Bhattarai et al., 2012). The primary 
sources of uncertainty in SEBAL are related to the determination of H and the low 
sensitivity of the model to soil moisture and water stress. Further details of SEBAL can 




 The estimates of the surface energy and water fluxes obtained from SEBAL and 
the ASTER data were compared with LBA flux tower observations. The estimated 
values were extracted from a 67 by 67 pixels (~1 x 1 km2) window centered on the JBR 
flux tower. This window was defined considering the fetch of the JBR flux tower which 
is on the order of 1 km in all directions, as described in von Randow et al. (2004). Two 
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indices, including bias (Equation 8) and relative error (RE) (Equation 9) were used to 
assess the accuracy of the estimates: 
 
 








=                                                                                           
(9) 
 
where Xobs is the flux tower observation and Xmod is the modelled value. These indices 
are commonly used for comparing pairs of variables and allow evaluating the error of 
data. 
 
3. Results and discussion 
 
3.1 Validation of SEBAL estimates 
 
 The mean errors in Rn and ET were approximately 2% and 15% of the field 
measurements (Table 2). There was an underestimation of -9 and -11 W m-2 in Rn and 
an overestimation of 0.48 and 0.46 mm day-1 in ET for the scenes of 6/16/2004 and 
7/5/2005, respectively. Studies using SEBAL have been conducted in the Amazon 
region, such as in Santos et al. (2011), de Oliveira and Moraes (2013), Ferreira et al. 
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(2013), and de Oliveira et al. (2016). These studies were performed in the southwestern 
and eastern parts of the Amazon using LBA data from different sites. Input data were 
acquired from the MODIS and TM sensors. Previous results found relative errors of ~1-
16% for Rn and ~25% for ET. 
 The mean errors in albedo and H were on the order of 15% and 10%, 
respectively. Albedo tended to be overestimated, with biases varying between 0.016 and 
0.018, while H tended to be underestimated, with biases ranging from -5 and -10 W m-2. 
By way of comparison, Santos et al. (2011) and de Oliveira and Moraes (2013) 
estimating albedo from TM/Landsat 5 and MODIS/Terra images in Amazonia found 
errors varying from 0-39% and 13-19%, respectively. The errors obtained for H varied 
from 8% to 11% and are comparable with other studies (Ma et al., 2002; Timmermans 
et al., 2007). Recall that the main sources of uncertainties in SEBAL are related to the 
estimation of this variable (Allen et al., 2011), which requires the determination of the 
hot and cold pixels. According to Bastiaanssen et al. (1998b), the model also presents a 
low sensivity to soil moisture and water stress, which especially causes inaccuracies on 
the estimation of ET either on an instantaneous or daily basis. G was not validated due 
to the absence of measurements for the study period. Intensive campaigns at the JBR 
site have shown that G represents ~3% of Rn (Alvala et al., 2002). In our study, G 
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3.2 Land-cover patterns 
 
 The study area is dominated by primary tropical forests (Figure 2; Table 3). 
Owing to deforestation, it is possible to observe extensive patches of different land 
cover types such as secondary forests, pastures and croplands (primarily soybeans with 
coffee and palm oil). Approximately 77% of the study region is covered by forests 
(primary and secondary). Pastures and agricultural areas occupy ~21% of the region. 
The remaining of the study region is represented by waterbodies, with the Ji-Parana 
river as the most representative in terms of total area, and other uses such as bare soils, 
rocky outcrops and mining.  
 Rondonia is located within the arc of deforestation, where there is a higher 
pressure from human settlement (Lambin et al., 2003; Almeida et al., 2016), especially 
on the western and northeastern sides of the Ji-Parana river where the fish bone pattern 
of deforestation is observed (Brown et al., 2004). On the western side of the river the 
rainforest has been progressively cleared during the last 35 years. Most of the area along 
the eastern flank of the Ji-Parana river is inside the JBR. Altough this area is protected 
by IBAMA, it has been suffering some small scale slash and burn activities, especially 
close to the northeastern border (black arrows on Figure 2). However, the disturbed 
areas inside the JBR are considered small when compared to the extensive areas of 
pristine forest (von Randow et al., 2004). 
 Pastures increased 15.5 km2 (~9%) while agricultural areas decreased 5.9 km2 
(~40%) between 6/16/2004 and 7/5/2005. We note that economic factors may explain 
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this pattern, since it is common for croplands to rotate with pasture, especially when 
grain prices are low (Morton et al., 2006; Alves et al., 2009). For this reason, some 
authors divide croplands between permanent and temporary when studying land cover 
in Amazonia (Aguiar et al., 2007; Espindola et al., 2012). It was not possible to adopt 
this division in our mapping due to the limited temporal coverage of the study. Over this 
1-year period, there were reductions of 9.6 km2 (~2%) and 2.8 km2 (~4%) in the area 
covered by primary and secondary forests, respectively. From the land cover change 
data, we observed that of the ~9.6 km2 logged at some point after 6/16/2004, a total of 
~8.9 km2 (93%) were converted either to pasture (~4.2 km2), secondary succession 
forest (~3.6 km2) or agriculture (~1.1 km2). The remaining, approximately 0.7 km2 
(7%), were classified in 7/5/2005 either as other uses or water (we note that this case is 
most likely related to forested areas mapped in the scene of 2004 that were flooded in 






3.3 Spatio-temporal variations of surface energy and water fluxes over the study area 
 
Figure 3 illustrates the spatial distribution of albedo, Rn, G, H, ET, and EF in the 
study area on 6/16/2004 and 7/5/2005. The average values between both scenes are 
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similar. This behavior was not surprising given the fact that the scenes were acquired in 
the same period of the dry season (June/July), which implies that the land surface was 
subjected to comparable external environmental conditions (i.e., solar zenith angle). It 
was observed that the daily average (7 a.m. to 5 p.m.) albedo, G, H, ET, and EF were 
~2% (0.144-0.147), ~21% (42-51 W m-2), ~11% (70-78 W m-2), ~2% (3.47-3.59 mm 
day-1), and ~1% (0.82-0.83) higher in 7/5/2005 in comparison with 6/16/2004. Rn 
showed a small reduction, on the order of ~1% (525-518 W m-2). This behavior can be 
understood when analyzing ancillary weather data obtained by the JBR flux tower, such 
as K↓, Tair and PPT (Figure 4). Daily average (7 a.m. to 5 p.m.) K↓ and Tair were ~11% 
and ~25% higher in 7/5/2005 (545 W m-2 and 30ºC) in comparison with 6/16/2004 (491 
W m-2 and 24ºC). Significant differences were observed in accumulated PPT over the 
30 days prior to the scenes acquisition. Between 5/17/2004-6/15/2004 and 6/5/2005-
7/4/2005 the accumulated PPT corresponded to 51.2 mm and 4.6 mm, respectively. In 
2005, the Amazon basin experienced one of most intense drought episodes of the last 
100 years (Marengo et al., 2008; Zeng et al., 2008). 
G and H are proportional to the K↓ and Tair, and local studies in Amazonia have 
shown that the highest albedo values and, consequently, the lowest Rn values generally 
occur at the same time as the driest soil moisture conditions (Gash and Nobre, 1997; 
von Randow et al., 2004). Thus, the increase in G, H and albedo, and decrease in Rn in 
the 2005 scene were predictable. Regarding ET, a higher average value would be 
expected in the 2004 scene especially given the greater availability of moisture at the 
This article is protected by copyright. All rights reserved.
22 
 
surface. However, it was observed that ET was higher in the 2005 scene. It is important 
to note here that the averages for the whole scene level are not statistically significant.  
According to previous literature, there is no clear pattern regarding the increase 
or decrease of ET over the Amazon rainforests during seasonal water deficits. Recent 
work has shown a pattern of increased ET during dry periods in Amazonia (Hutyra et 
al., 2007; de Oliveira et al., 2017; Maeda et al., 2017). This is due to (1) the ability of 
the Amazonian tree species to draw water from deeper soils, accessing water stored 
even from past rainy periods, and (2) increases in solar radiation at the surface, due to 
decreased cloud cover. On the other hand, other studies have shown a pattern of higher 
ET under moist conditions than under dry conditions in Amazonia (Malhi et al., 2002; 
Sommer et al., 2002; Borma et al., 2009). These studies attribute this behavior to (1) 
regional differences in forest structure, (2) longer dry seasons, (3) lower annual rainfall 
rates, and (4) lower moisture stored in the soil. Recall that most of the study area is 
comprised of primary forests. Our results suggest that ET over forests in this part of 
Amazonia may not be water limited even when experiencing drought conditions. We 
hypothesize that in this region, the interaction between solar radiation, canopy 
physiology (i.e., quantity and age of leaves) and its ecohydrological mechanisms (i.e., 
root networks which exploit soil water), is more important than water availability. This 
interaction has an effect in the stomatal resistance to transpiration, which factors the 
partitioning of Rn into sensible, soil and latent heat (Christoffersen et al., 2014; Albert 
et al., 2018).  
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Analyzing Figures 2 and 3 helps to understand the variability of the surface 
fluxes according to the land cover in the region. It is possible to verify the difference in 
albedo between logged and forested areas, with the latter presenting lower values. 
Because they are darker, forests have a lower albedo and therefore absorb more solar 
radiation than short vegetation (Culf et al., 1995; Priante-Filho et al., 2004). The highest 
values of Rn are in the eastern part of the study area, which has experienced less 
deforestation compared to the western region. Rn over forest areas is higher than in 
pasture or agricultural areas due to differences in the absorbed solar radiation and 
longwave radiation balance (Bastable et al., 1993; Davidson et al., 2012). The 
deforested areas have the highest amounts of sensible heat. Clear-cutting of mature 
forests tends to increase LST and alter the emissivity, resulting in an increase in 
incoming/outgoing longwave radiation (Souza Filho et al., 2006; Aguiar et al., 2011). 
ET and EF over forested areas was higher than non-forested areas. This difference in ET 
and EF between these areas is related to variation in plant structure and physiology, 
which in turn causes differences in their water use (Zhang et al., 2014; Yang et al., 
2016). The highest values of ET and EF are located in the eastern portion of the study 










3.4 Surface energy and water fluxes for different land cover types 
 
The aforementioned results illustrate that changes in energy and water cycling in 
the study area are a function of land cover (Song et al. 2015; Khanna et al., 2017). Now 
a more comprehensive analysis can be conducted concerning the dynamics of albedo, 
Rn, G, H, ET, and EF over different ecosystems in the study area. Figure 5 illustrates 
some of the plots used to extract the SEBAL estimates for each one of the different land 
cover types (PF, SF, PA, and AG) and Figure 6 shows the magnitudes of the surface 
fluxes for 6/16/2004 and 7/5/2005. The natural ecosystems (PF and SF) presented 
higher Rn, ET and EF, and lower albedo, G and H than the anthropic ecosystems (PA 
and AG). A small fluctuation of albedo values (from ~1% to 5%) was observed between 
the two scenes in the different ecosystems. The average albedo ranged from 0.135 (PF) 
to 0.20 (AG), illustrating a difference of ~48%. SF showed an average albedo of 0.158, 
while PA had a value of 0.190. These results indicate that PF and SF have, on average, 
an albedo ~19% lower than AG and PA (p<0.01, t-value=26.66, n=576). Studies 
conducted over forest, pasture, and soybean crops in Amazonia have shown values of 
about 0.134, 0.18 and 0.20, which are comparable to those obtained here (Shuttleworth, 
1989; Culf et al., 1995; Souza et al., 2010). 
All land cover types had higher values of Rn in 6/16/2004 than in 7/5/2005. It 
follows the pattern observed for the whole study area, as discussed in section 3.3. Rn 
over AG varied between 478 W m-2 (6/16/2004) and 468 W m-2 (7/5/2005) (mean=473 
This article is protected by copyright. All rights reserved.
25 
 
W m-2) while Rn over PA varied between 487 W m-2 (6/16/2004) and 480 W m-2 
(7/5/2005) (mean=483 W m-2). This is a difference of ~2% in Rn between both 
ecosystems (p<0.01, t-value=12.92, n=288). Wright et al. (1992) and Galvao and Fisch 
(2000) observed for pasture sites in Amazonia values about 500 W m-2 at ~10:30 a.m. In 
the forest areas (SF and PF), we found values ranging between 517 and 543 W m-2 on 
6/16/2004 and between 513 and 533 W m-2 for 7/5/2005. SF had a mean value of 515 W 
m-2, while PF had a value of 538 W m-2. It is possible to observe that Rn over forested 
areas is ~10% greater in comparison with agricultural and pasture lands (p<0.01, t-
value=23.69, n=576). Analyzes by von Randow et al. (2004) and Aguiar et al. (2006) 
observed values of 450 and 530 W m-2 over forest sites in the southwestern part of 
Amazonia (~10:30 a.m.). 
Our results for G showed that AG had, on average, the highest values (96 W m-
2), followed by PA (92 W m-2), SF (57 W m-2) and PF (32 W m-2). A similar behavior 
was found for H (AG=293 W m-2, PA=247 W m-2, SF=113 W m-2, and PF=36 W m-2). 
G was larger over the four land cover types in 2005 when compared to 2004. Higher 
increases were observed for AG (90 to 103 W m-2) and PA (86 to 98 W m-2) (both 
~14%) while lower increases were observed for PF (31 to 34 W m-2) (~10%) and SF (55 
to 58 W m-2) (~5%). H was larger over AG and PA in the scene from 2005 in 
comparison with 2004 (~1% and ~2%), but PF and SF reduced it rates (~10% and 15%). 
This behavior can be understood when analyzing EF over the different ecosystems. EF 
over PF and SF was ~1% and ~4% greater in 2005 than in 2004 (0.92 to 0.93 and 0.74 
to 0.77, respectively). For AG and PA, EF decreased in 2005 compared to 2004 in 
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~24% (0.25 to 0.19) and 10% (0.34 to 0.39), respectively. Recall that 2005 was a 
drought year therefore the land surface was subjected to drier conditions than in 2004. 
The mechanisms of interaction between solar radiation and canopy physiology, which is 
dependent both by the plant (i.e., stomatal conductance and the root networks which 
exploit soil water) and environmental conditions (i.e., Tair and vapor pressure deficit), 
are most likely to have a greater impact than water availability in ET over forests in this 
part of Amazonia (Rocha et al., 2004; Christoffersen et al., 2014; de Oliveira et al., 
2017; Albert et al., 2018). Therefore, we suggest that this lack of response to moisture 
availability is related to both the control of canopy stomatal conductance on vegetation 
water use and the deeper roots of Amazonian tree species, which allows access to 
deeper water (Malhi et al., 2002; Saleska et al., 2007). These results make evident that 
the water limitation in this part of Amazonia tends to affect the anthropic ecosystems 
(AG and PA) more than the natural ones (PF and SF). This is related to the vegetative 
structure, photosynthetic capacity and different physiological mechanisms among these 
ecosystems. 
The higher EF over PF and SF on 7/5/2005 compared to 6/16/2004 caused an 
increase in ET over these ecosystems of ~7% (3.88 to 4.15 mm day-1) and ~1% (3.22 to 
3.26 mm day-1), respectively. It is interesting to note that the ET increase was ~6% 
higher in the primary forests to that observed for the secondary forest areas. This 
behavior may be related to specific soil-land-atmosphere conditions in the dates 
analyzed as well as the physiological needs of the plants, depending on their 
development stage. It is important to note that in the early forest stages the ET rates are 
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low but as the forest approaches maturity the ET rates increase markedly (Holscher et 
al., 1997; Giambelluca, 2002). As expected, due to the decrease in EF over AG and PA 
on 7/5/2005 compared to 6/16/2004, these ecosystems presented reductions in ET rates 
on the order of ~17% (0.92 to 0.76 mm day-1) and 3% (1.45 to 1.40 mm day-1), 
respectively. Taking into consideration the average between the two dates, it was 
observed that the ET values among the four ecosystems ranged from 0.84 mm day-1 
(AG) to 4.01 mm day-1 (PF). PA and SF showed intermediate values near 1.43 mm day-
1 and 3.24 mm day-1, respectively. By way of comparison, local studies developed in 
different parts of Amazonia showed ET values during the dry season varying from 3.4-
4.0 mm day-1 for forests (Rocha et al., 2004; von Randow et al., 2004) and from 1.93-
2.73 mm day-1 for pasture/annual crops (Galvao and Fisch 2000; Webler et al., 2013), 






3.5 Effects of land-cover changes 
 
 Three situations were selected to analyze the effects of land cover changes in 
Amazonia on the surface energy and water fluxes: (1) PF to PA, (2) PF to AG and (3) 
PF to SF. Table 4 and Figure 7 present the absolute and relative values of albedo, Rn, G, 
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H, ET, and EF for each scenario of land cover change. The conversion of primary 
forests to pasture, agricultural and secondary succession areas caused an increase in 
albedo, G and H, and a decrease in Rn, ET and EF. The increase in albedo is mainly 
related to the fact that the leaves from grasslands, croplands and secondary forests 
reflect more and absorb less solar radiation than primary forests. The increases observed 
in G and H are most likely related to the higher surface and air temperatures observed 
over areas with low vegetation coverage. The decrease in Rn is related to the increase in 
albedo and LST, while the decreases in ET and EF occurred due to the lower surface 
aerodynamic roughness, lower leaf area, and shallower rooting depth of pastures, 
croplands and secondary forests compared to primary forests. Our results are in 
agreement with several studies conducted in the Amazon region involving the impact of 
the deforestation on land-atmosphere exchanges based on micrometeorological 
experiments and regional earth system modeling (Nobre et al., 1991; Henderson-Sellers 
et al., 1993; Costa and Foley, 1999; Moraes et al., 2004; Sampaio et al., 2007; Panday et 
al., 2015; Khanna et al., 2017; Guimberteau et al., 2017). 
 In situations 1 (PF to PA) and 2 (PF to AG), the largest relative impact was 
observed for H (53 to 178 W m-2 (~236%) and 55 to 195 W m-2 (~255%)) while the 
smallest was observed for Rn (539 to 504 W m-2 (~6%) and 535 to 495 W m-2 (~7%)). 
Sampaio et al. (2007) found that the conversion from primary forests to pasture in 
Amazonia caused an increase in H and Rn of ~43% and 6%, respectively. For the 
conversion from primary forests to soybean cropland the authors found increases of 
~54% in H and ~7% in Rn. Here, the impact on H is higher but the effects on Rn are 
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similar to those found in Sampaio’s et al. study. The effects related to the conversion 
from PF to PA on Rn are comparable to those described by Lean et al. (1996), which 
showed a decrease of ~9%. In the primary forest areas before the conversion to PA and 
AG, it is observed that G and H consume ~7% and ~10% of Rn. After the conversion to 
PA, it is noted that G and H consume ~18% and ~35% of Rn. Following the conversion 
to AG, G and H corresponded to ~19% and ~39% of Rn. These results show that the 
deforestation and consequent transition to pasture or soybean increases approximately 
two to four times the total energy used to heat the soil subsurface (G) (34 to 93 W m-2) 
(p<0.01, t-value=32.29, n=176) and raises the Tair (H) (54 to 187 W m-2) (p<0.01, t-
value=56.15, n=176), respectively. 
The albedo values increased ~20% (0.136-0.163) (p<0.01, t-value=8.45, n=128) 
in the conversion from PF to PA and ~23% (0.141-173) (p<0.01, t-value=7.48, n=48) in 
the conversion from PF to AG. Bastable et al. (1993) and Costa et al. (2007) reported 
increases of ~24% (0.131-0.163) and ~62% (0.125-0.205) for pastureland and soybean 
deforestation scenarios. EF decreased approximately 36% and 43% for situations 1 
(p<0.01, t-value=102.21, n=128) and 2 (p<0.01, t-value=219.72, n=48), respectively. 
The EF values changed from 0.89-0.57 (PF to PA) and 0.89-0.51 (PF to AG). von 
Randow et al. (2004) reported EF values for the conversion from primary forest to 
pasture from 0.74-0.56, showing a decrease of ~24%. EF values related to the change 
from primary forest to agricultural areas in Amazonia were not found in the literature. 
As expected, EF decreased in similar relative rates to those found for ET. It was 
observed that the conversion from PF to PA reduced ET in ~35% (~1.30 mm day-1) 
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(p<0.01, t-value=39.78, n=128) while the conversion from PF to AG reduced ET in 
~42% (~1.54 mm day-1) (p<0.01, t-value=42.09, n=48). Sampaio et al. (2007) 
investigating cases of deforestation in Amazonia reported reductions of ~26% (~1.0 mm 
day-1) for the conversion to pasture and ~31% (~1.2 mm day-1) for the conversion to 
soybean. 
 Situation 3 illustrates a common scenario in the Amazon region, which is the 
development of SF in areas of abandoned clearcuts, abandoned pasture and abandoned 
mechanized fields. Considering the time interval between the two scenes (~1-year), it is 
most likely that the secondary succession areas analyzed are related to the abandonment 
immediately after clearcuts of mature forest (that is, after logging the land was not used 
for cattle or extensive agriculture). The relative variations in albedo and Rn were 
comparable to the ones observed for the scenarios of conversion from PF to PA and PF 
to AG. The most considerable effects on the surface fluxes occurred in G (29 to 64 W 
m-2, or a mean increase of ~119%) (p<0.01, t-value=13.95, n=128) and H (47 to 95 W 
m-2, or a mean increase of ~103%) (p<0.01, t-value=8.81, n=128). The values of G and 
H observed for situation 3 were ~17% and ~43% lower than those observed for situation 
1 and ~56% and ~60% lower in comparison with situation 2. The conversion of PF to 
SF incurred in reductions on EF of ~13% (~0.91-0.79) (p<0.01, t-value=9.38, n=128) 
and on ET of 12% (~3.92-3.43 mm day-1) (p<0.01, t-value=8.36, n=128). It is 
interesting to note that the decrease in ET was ~0.49 mm day-1, which is ~62% and 68% 
lower than the reductions observed in ET for situations 1 and 2. To date, limited 
research has been conducted to understand the coupling between secondary forests and 
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the atmosphere over the Amazon region. We highlight that the results obtained here are 
in agreement with these studies, which have shown that evaporation accounts for ~80% 
of Rn over young secondary vegetation in comparison with 90% for primary forest 
evaporation (Holscher et al., 1997; Giambelluca et al., 1997; Jipp et al., 1998; 
Giambelluca et al., 2000; Giambelluca, 2002; Feldpausch et al., 2005). An interesting 
aspect is that some of these studies reported recovery of ET within 15 years to values 
for primary forest. The recovery of high ET rates may have implications for the regional 
climate, since ~25-56% of the Amazon basin rainfall is derived from recycling water 
evaporated within the basin (Eltahir and Bras, 1996; Feldpausch et al., 2005). 
 Summarizing the combined effects on the surface energy and water fluxes 
between undisturbed natural forest ecosystems (PF) and disturbed areas (PA, AG and 
SF) in the region, our results demonstrate that albedo, G and H tend to increase 23%, 






4. Concluding remarks 
 
 In this study, ASTER images and LBA field observations were used to examine 
the partitioning of surface energy and water fluxes over different land cover types in one 
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wet year (2004) and one drought year (2005) in a fragmented region of the arc of 
deforestation in Brazil. The SWIR (30 m) and TIR (90 m) bands were resampled to the 
15 m of the VNIR bands, making this study the first to examine the land-atmosphere 
interactions in Amazonia with such high spatial resolution. Comparison between 
estimates obtained by SEBAL and measurements collected at JBR flux tower showed 
errors of 2% for instantaneous Rn and 13% for daily ET. The spatial variation of albedo, 
Rn, G, H, ET, and EF were mainly related to the lower presence of forest (primary or 
secondary) in the western side of the Ji-Parana river in comparison with the eastern side, 
which is inside of the JBR protected area. It was noted that drought events and, 
consequently, water limitation in this part of Amazonia tend to affect the ecosystems 
considered anthropic (AG and PA) more than those considered natural (PF and SF). 
This is related to the fact that due to the deep roots, Amazonian tree species have an 
ability to draw water from deeper soil layers, thus accessing water stored from past 
rainy periods. 
 We found statistically significant differences on the surface energy and water 
fluxes prior to and ~1-year after the deforestation. It was observed that Rn over forested 
areas (~527 W m-2) is ~10% greater in comparison with agricultural and pasture lands 
(~478 W m-2). In addition, we observed that the deforestation and consequent transition 
to pastures or croplands increase in two to four times the total energy used to heat the 
soil subsurface (G) and raises the Tair (H). These differences in energy partitioning 
contribute to approximately three times higher ET over forested areas (~408 W m-2, or 
3.63 mm day-1) in comparison with non-forested areas (~114 W m-2, or 1.14 mm day-1). 
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Factors such as variation in plant structure and physiology and moisture availability 
cause these differences in the absorption/reflection of solar radiation and water losses. 
The conversion of PF to AG is likely to have a higher impact on the local climate in this 
part of Amazonia when compared to the change to PA and SF, due to the fact that the 
conversion of PF to AG implies a lower Rn and ET and higher G and H. Less impact 
occurred in the surface energy and water fluxes with the modification to SF. 
Considering the fact that the secondary forests analyzed here are only ~1-year old and 
as they approach maturity the ET rates tend increase markedly, these results illustrate 
the importance of conserving secondary forest areas in Amazonia. We conclude that our 
methodology based on the use of high-resolution satellite data was a useful proposition 
to analyze the local surface energy and water exchanges in southwestern Amazonia. The 
information obtained may be used as inputs in earth system surface models allowing to 
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Figure Legends: 
Figure 1. Map showing the study area and the location of the flux tower used in this 
study. 
Figure 2. Land-cover map of the study area for (a) 6/16/2004 and (b) 7/5/2005. The 
arrows show the fish bone pattern of deforestation in the Brazilian Amazon. 
Figure 3. Spatial distribution of (a) albedo, (b) net radiation (Rn), (c) soil heat flux (G), 
(d) sensible heat flux (H), (e) evapotranspiration (ET), and (f) evaporative fraction (EF) 
in the study area on 6/16/2004 and 7/5/2005. 
Figure 4. (a) Incoming shortwave radiation (K↓) (W m-2), (b) air temperature (Tair) 
(ºC) and (c, d) precipitation (PPT) (mm) measured at the JBR flux tower. K↓ and Tair 
were measured between 7:00-17:00 local time. PPT was measured over 30 days prior 
the ASTER scenes acquisition, between 5/17/2004-6/15/2004 and 6/5/2005 and 
7/4/2005. 
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Figure 5. Illustration exemplifying some of the plots used to extract the SEBAL 
estimates for different land cover types in the study area. The white boxes show the 12-
pixel window, and the coordinates represent the central location for each box. The false-
color composite (R3G2B1) was obtained through the ASTER image from 6/16/2004. 
Figure 6. Magnitudes of (a) albedo, (b) net radiation (Rn) (W m-2), (c) soil heat flux (G) 
(W m-2), (d) sensible heat flux (H) (W m-2), (e) evapotranspiration (ET) (mm day-1), 
and (f) evaporative fraction (EF) for different land cover types in the study area. 
Figure 7. Relative variation (%) in albedo, net radiation (Rn), soil heat flux (G), sensible 
heat flux (H), evapotranspiration (ET) and evaporative fraction (EF) for each situation 
of land cover change (primary tropical forest (PF) to pasture (PA), primary tropical 
forest (PF) to agriculture (AG) and primary tropical forest (PF) to secondary succession 
forest (SF)). 
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